conversion to the vanudium(IlI) diisonitrile cations (CH3)4C2(3-R-CsH3h V(CNt-Bu)~ allows an ussessment of diastereoisomer ratios by 'H NMR. Lewis-acidic bistritlate derivatives of these tIllsa-vanadocene complexes are obtained from the dichlorides by reaction with silver triflate. Key words: wlsll-Metullocenes; Vanadium; Acetylacetonato complex; Chiral; Enantioseparation .
Structures, electronic properties and reactivities of a great diversity of titanocene complexes have been admirably elucidated over the last three decades in more than eighty publications by Karel Mach and his coworkers 2 . That comparable insights are largely lacking in regard to related vanadocene and chromocene complexes is undoubtedly connected with the generally more difficult access to this class of metallocenes, especially to their ring-bridged representativesJ.J. In order to open up this field to more incisive investigations~ also with regard to possible application to asymmetric catalysis, we have tried to develop improved methods for the synthesis of ansa-vanadocene compounds. In an earlier publication, we have reported 3 that the synthesis of ethano-bridged vanadocene chlorides suffers from the reduction of VCl 4 by the dianionic ligand compound (CH3)4C2(CsH4Lih, and that improved yields are obtained by reaction of VCl 4 or -prefereably -of VCI 3 with the dimagnesium salt (CH3)4C2(CsH4MgCI)2 (la) .
Further studies with bis(acetylacetonato)vanadium dichloride 4 , (acachVCI2' showed that this compound is less easily reduced than VCI 4 (Ep«acachVCI2) = -0.18 V, Ep(VCI.j(THFh) = -0.06 V in THF solution), but that even this starting material produces only the vanadium(Hl) monochloride complex (CH3)4C2(CsH4h VCI (2a). Control experiments showed that (acach VCI 2 is reduced to (acach VCI when reacted with half an equivalent of the cyc10pentadienyl magnesium compound la. The reduced acetylacetonato compound, (acac)2 VCI. thus appeared to be an even more suitable starting material for ansa-vanadocene syntheses; in the following we report applications of this concept to syntheses of unsubstituted and ring-s ubstituted. tetramethylethanobridged vanadocene complexes (CH3)4C2(3 -R-CsH3h VCI 2 (3) with R = H (3a). Me (3b) or t-Bu (3c).
RESULTS AND DISCUSSION

ansa-Vanlldocene Syntheses
Reaction of the vanadium(lII) compound (acac):! VCI with one equivalent of cyclopentadienyl potassium leads to substitution of the chloride ligand under formation of KCI and CsHs V(acach (previously prepared by reaction of CpVCI2(PMe3h with acetylacetone 5 ) . Additional amounts of CsHsK give only unidentified reduction products; no dicyc lopentadienyl vanadium species are observed in this reaction system. With CsHsMgCI. however. either (acach VCI or (CsHs)V(acach react to give vanadocene monochloride. eCsHsh VCI. from which (CsHsh V(CNt-Bu)!CI-is formed by excess terr-butyl isonitrile in near-quantitative yield 6 . Apparently. the relative affinities of Mg(lI) and V(lII) for the ligands available in these reaction systems are such that acetylacetonate is completely scavenged by Mg(I1) while V(IIl) will take up two cyclopentadienyl and one ch loride ligand.
In accord with these preferences, we find that (acac):! VCI reacts with the dimagnesium compound (CH3)4C2(C5H.jMgCI)1 (la) to give, under substitution of the acetylacetonato I igands, the blue lInsa-vanadoce ne monochloride 2a (Scheme I) . /n situ oxidation of the latter with PCI 1 affords the green dichloride 3a in a total yield of 79%. The trisacetylacetonate V(acach reacts with (CH~)4C~(CsH~MgClh (1n) to give the monochloride 2a in similar yields. as documented by the isolation of the diisonitrile complex (CHJ)4C2( CsH4)2 V(CNr-Bu)!CI-(4a+Cn in 75% yield upon addition of two equivalents of tert-butyl isonitrile to the product mixture.
Co -Ligand Exchange Rea ctions
An increased oxophilicity of the V(IV) center of the Qllsa-vanadocene dichloride (CH3)4C2(CsH4h VCI 2 (3a) -relative to the Ven!) center of 2a -is documented by the observation that exposure to acetylacetone in water converts 33 to the acetylacetonato cation (CH3)4C2(C,H4)2 V(acac)+ (5a+), which is isolated (as described for its unbridged analog 7 ) by precipitation with tetraphenyl borate. Even cation 5a+, however, exchanges its acetylacetonato ligand for two CI-ligands completely -albeit slowly -when 5a+B(C 6 H')4 is stirred with excess MgCI2 iil THF solution: IR-spectrometrically, this ligand exchange reaction is found to be complete after 48 h; after this reaction period, the dichloride complex 3a is quantitatively recovered. The relative oxophilicity of Mg(II) thus appears to exceed even that of the V(lV) center of 3a.
When 5a+B(C 6 H 5 );j is reacted with MgCI2 in the presence of the reducing ' agent (Me2NhC = C(NMe 2 h, however, the blue monochloride 2a arises instantaneously. The V(Il!) acetylacetonate 8a formed by reduction of 5a+B(C 6 H,);j' thus appears much more reactive toward ligand exchange with Mg(II): Complex 8a, for which a high-spin el 2 configuration is to be expecled, is likely to bind its acetylacetonate in a monodentate manner only and is thus easily attacked by MgCI 2 . A similar ligand exchange occurs with 1,I'-bi-2-naphtholate: Reaction of 3a with one equivalent of binaphthol and two equivalents of triethylamine gives the GI1,1'C/-vanadocene binaphtholate complex 6a; this complex is reconverted to the dichloride 3a by reaction with MgCl 2 in THF in the course of one hour. Conversion of the dichloride 3a to the bis(triflate) complex (CH3)4C2(C,H4h V(OlSCF,h (7a), finally, is brought about, in analogy to the corresponding titanocene system H , by reaction with two equivalents of silver trinate in THF solution.
Chiral ansCl-Vanadocene Complexes
In order to synthesize the chiral complex (CH3)4C2(C5H3-3-Me)2 VCl 2 (3b), the dimagnesium ligand salt Ib was reacted with V(acac)3 in THF solution. From this reaction, the ring-substituted ansa-vanadocene compound 2b arises as a mixture of meso-and racemic diastereoisomers. To determine the ratio of these diastereoisomers, typical product mixtures were converted to the diisonitrile complexes l'aC-and meso-4b+Cl-. The racemic and meso isomers can be distinguished by the tert-butyl signals of their isonitrile ligands, which are homotopic for the racemic complex and diastereotopic for the meso isomer. A rae/meso ratio of close to I : I was thus obtained. In this case, we were not able to separate the diastereomers. Oxidation of the product mixture with PCl) gave the dichloride 3b as a mixture of rae and meso diastereomers in a total yield of 76%.
For the synthesis of the tert-butyl substituted complex (CH3)4C2(C5Hr3-f-Buh VCI 2 (3e), reactions of the conesponding dimagnesium ligand salt Ie with a number of different vanadium(lIl) starting compounds were conducted at various temperatures and the ensuing rae/meso ratios studied by conversion of the respective product mixtures to the diamagnetic diisonitrile complexes rac-and meso-4e+Cl- (Table I ). Higher rae/meso ratios (6 : 1) were achieved with V(acac») than with V(acachCI or VCI) as starting materials. With V(acachCI, higher reaction temperatures led to a stronger preference for the racemic product, as previously observed in other cases 9 • With the chiral reactant tris(R,S-hYdroxymethylene camphorate) V(lIJ), rac-3e was again the preferred product, but with a rae/meso ratio of only 3.5 : 1. Oxidation of the tert-butyl substituted monochloride complex 2e with PCl 3 proved to be very sluggish; in this case, oxidation of the product mixture with AgCI gave the dichloride 3e in the course of 12 h in a yield of74%. Finally, complex 3c was also converted to the red binaphtho)ate derivative 6c by reaction with r(/c-), 1'-bi-2-naphthol and triethy lamine. After chromatography on silanized silica gel, complex 6c was isolated in ca 70% yield. Reduction with tetrakis(N,Ndimethylamino)ethylene and conversion to the diisonitrile comp le x 4c+Cl-showed that only the racemic binaphtholate derivative, rac-6c, was obtained. The fate of the meso isomer remains to be clarified; conceivable are either its conversion to the racemic isomer during complex formation with the binaphtholate anion or its irreversible fixation to the chromatography column.
Reaction of comp lex 3c with one half equivalent of (R)-(+)-binaphthol and one equivalent of triethylamine and subsequent removal of unreacted dichloride 3c by chromatography on silanized silica gel afforded an ·optically active binaphtho!ate complex, presumably the isomer of 6c with l -R configuration at the bridgehead carbon atom, in which the terr-butyl groups are farthest from the binaphtholate ligands. Rather than by chromatography, unreacted dichloride S-3c can also be removed from the product mixture by its selective conversion to the acetylacetonate cation upon extraction with water and acetylacetone. The tetraphenylborate of the acetylacetonato complex, 5a+B(C 6 H s )4' The bis(triflate) complexes 7a and R-7c (obtained from the chiral dichloride R-3c in a manner analogous to that described above for 7a) proved to be useful catalysts for Lewis-acid induced Diels-Alder and other C-C coupling reactions; these observations are to be reported in a separate communication.
Crystal Structure.l·
The molecular structures of complexes 2a, 4a+Cl-, 5a+B(C 6 H s )4 and 5c+B(C 6 H s )4 were determined by crystal structure analysis (Figs 1-4) . Characteristic bond lengths and angles are summarized in Tables 11 and III. In the vanadium(III}-monochloro complex 2a, the VCI distance is about 7 ppm shorter than in the dichloro complex 3a. The vanadium-Cp-centroid distance is likewise shortened by ca 3 pm . As in the corresponding unbl'idged vanadocene mono-and diTAIlLIi II Selected bond distances (ppm) and angles (0) CI7-VI-CI8 B2.4 (6) CI7-N2-CI9 172.0 (13) CI8-NI-C23 167.3 (13) CPI-CP2" 46.6 " CRI, CR2 centroids of C atoms numbered 1-5 lind 6-10, respectively. "CPI, CP2 mean planes of corresponding C~ ri ngs.
chlorides III, the decreased VCI bond distance is likely to result from the reduced coordination number. Due to the shortened centroid-vanadium distances, the bridgeheadbridgehead distance is only about 268 pm. As a consequence, the centroid-V-centroid angle is widened by C{I 6° relative to that in the dichloride 3a. The V-CI bond deviates by only 3° from the C 2 -axis of the ligand framework .
The centroid-V-centroid angle in the diamagnetic vanadium(lII) cation 4a+ is intermediate between that of the monochloride 2a and the dichloride 3a. The V -centroid distance of 191 pm is shorter here than in any of the other vanadium complexes studied.
The bisector of the diisonitrile vanadium fragment deviates by 21 ° from the C 2 axis of the ligand fragment; distortions of this kind were previously observed also in other ansa-metallocene complexes II .
In the vanadium(IV)acetylacetonato cation 5a+, bond distances and angles of the ligand framework are similar to those in the dichloride 3 3a. The acetylacetonato ligand is practically planar; its geometry is comparable to those of other vanadium(lV) acetylacetonato compounds l2 • The bisector of the V(acac) fragment deviates from the C 2 axis of the ligand framework by only 7°, compared to a deviation of 16° for the VCl 2 fragment in the dichloro complex 3 3a.
The geometry of the cation 5c+, finally, documents the racemic configuration of this tert-butyl substituted ansa-vanadocene complex. Compared to its unsubstituted analog 5a+, the V(acac) fragment deviates from the C 2 axis of the ligand framework by a substantially larger angle of ca 20°; this is undoubtedly caused by the increased steric interactions. As generally observed with related metallocene structures, the metal-centroid distances are also increased by introduction of the bulky ring substituents.
EXPERIMENTAL General
Moisture-and air-sensitive compounds were handled under an argon atmosphere using Schlenk techniques. THF and diethyl ether were distilled from sodium benzophenone ketyl. pentane from CaH 2 . NMR spectra were recorded on Bruker WM-250 and Bruker AC-250 FT spectrometers. Bis(ucetylacetcll1afo)cyc!opentcldieny[wl/ladium(llIJ A solution of 0.42 g (4 mmol) cyclopentadienyl potassium dissolved in 50 ml THF was slowly added to 0.71 g (2 mmol) (acachVCl(THF) in 150 ml THF. After stirring the reaction mixture for 16 h at room temperature. the precipitated potassium chloride wus removed by filtration. The filtrate was freed from solvent ill vacuo lind the remaining solid taken up in 50 ml ether. After tiltmtiotl. the solution was concentrated to a small volume. 30 ml of pentane were added und the mixture cooled to -80°C. The brown precipitate was isolated by filtration and dried ill vacuo to give 440 mg (co 70% yield) of a brown air-sensitive powder consisting of essentially pure CpY(acach. which presumably still contains a small umount of (acnch VCl(THF) as judged by its IR spectrum. IR spectrum (Nujol. KBr.
em-I): 3079 (w). I 576 (s), I 521 (s). 1 457 (s). I 424 (m), I 420 (m). I 38 J (s). I 364 (s). I 275 (m). I OJ 8 (m). 931 (w). 798 (m). Mass spectrum (El. 70 eV. 50°C). C W H I9 0Y (314 g/mol): m/z 348 (V(C~HP2h. 3%). 314 (M+. 26%). 249 (M+-C~H~. IQO%). 215 (M+ -C S H 7 0 2 . 3%). 166 (M+ -CsHs -CSHHO. 37%).
TeframefhylethaJ1l!diylIJis( cyc!opelltadielly/)vlllladiulIl dichloride (3a). To 0 .71 g (2 mmol) (acach YCI(THF) in 60 1111 THF; 2 11111101 of (CH~)4C2(CsH4h(MgClh(THF)4 (la) dissolved in 100 ml THF were slowly added. After stirring the reaction mixture for 20 h. the solvent was removed in vacuo. The residue was taken up in ether and the resulting blue suspension tiltered to remove insoluble inorganic products . (M+-CHH IO ' 23%),156 (M+-HCI-CNH IIl , 100%). Alternatively, the filtrate, which contained the monochloride 2n, was oxidized with 0.17 ml (2 I11mol) of PCI,l to the green wlsa-vanadocene dich loride 311 which precipitated and was isolated by filtration. The green solid was dissolved in 20 ml methylene chloride, filtered and the mtrate concentruted to II small volume (ca 1-2 ml). Ether (40 ml) wus added and the resulting suspension cooled to -30 °C. The green solid was collected by filtration and dried ill l'aCliO to yield 528 mg (79%) (CH~)4C2(C5H4h VCI 2 (3u). IR spectrum (Nujol, KBr): 3 093 (w), I 420 (m), I 051 (w), 823 (s) . For C I~H 2(1CI2 V (334.2) calculated: 57.51 % C. Tell 'Cllllelhy/el//(l/Il!diylbi.l'( cyc/opelltatiiellyl )Wllllltiilllllbi.l'(t-/nt(yl i.\·otlit rile) chloride (4u+C\-). To 0.97 g (2.8 ml11ol) V(acac)J in 100 ml THF were added dropwise 2.8 mmol of the magnesium ligand salt la. dissolved in 100 ml THF. After stirring the mixture for 24 h at room temperature, the solvent was removed ill vacuo . The residue was taken up in 200 ml of ether and tiltcred. On addition of 0.63 1111 (4.6 mmol) of t-butylisonitrile to the tiltrate, the color changed from blue to brown and the brown product 4a+CI-precipitated. 7:28 (m) . For C45H47B02 V (681.6) calculated: 79 .3% C. 6.95'i'o H; found : 79.53% C, 7.05% H. Tell'lll1l!'IIr, l'/!'I//(lIIl!cliylbi.l'(c.l'c/opellwclielly/) vlllllldiulll IJil1l1phlholCltl! (6a). To a solution of 0.47 g (1.41 mmo\) (CH~)4C2(CsH4)2VCI2 (311) and 0.4 g (1.41 mmol)binaphthol in 50 tnl THF were added 0.39 ml (2.81 11111101) of triethylamine in one portion. Arter stirring for one hour, the green solution slowly turned red . Arter slirring for 14 h. THF was exchanged for toluene. The l:OlllI'less precipitate was removed by filtnttion und the solution filtered (lver u sl11all. plug of silylated silica gel. The filtrate was evaporated ill VlICllO, the residue suspended in a small volume of ether and cooled to -30 °C. The red orange solid was isolated by tiltration and dried ill vm'l/o to give 0.66 g (86<k ) (CH,J4CiCsH4)2V(C2I1HIP2) (6a). IR spectrum (Nujol. KBr, em-I): 3 107 (w). Tel /'llnU!thylerhCIIIC'diylbi.l'(cyc/opl!lltadielly/)vwllIdiu/Il !lisrrit/ate (7a) . 0.23 g (0 .69 mmol) of the wlsa -vanadocene dichloride 3a and 0.35 g (1.38 mmo\) silver tritlate were mixed und 50 ml of THF added. After 10 h the precipitated silver chloride was removed by fiitrution and the filtmte evaporated to dryness. The residue was recrystallized twice from CH 2 CI 2 -ether mixture to give 0.3 g (CH~)4C2 ( Telramelh v{//I{ulil/III dichloride (3c). 0.54 g (1.55 mOlal) of V(acach were reacted with 1.55 mmol of the dimagnesium snit Ie in 150 011 of THF. After stirring for 16 h. the solvent was removed ill VIICUO. The remaining solid was stirred in 5 011 of methylene chloride and then 100 ml of pentane were added. The mixture was t1ltered and the filtrate freed from solvent. The ~olid residue was tuken up in THF and 1.6 millol AgCI added. After stirring for 12 h. the suspension was filtered and solvent removed from the filtrate. The residue wus extracted with hexane in a Soxhlet apparatus. The extract was cooled to -80°C and the yellow-green solid isoluted by IiItl'Ution to give 74% (CH')4C2(3-«CH)hC)-C~HJhVCI2 (3c). IR specllum (Nujo1. KBr, Tel 1 l'lC'yclopenlac/ it' llyl JVIIlIlICI i wllbis{ 1-IJIII.\'1 i.\·( mil rile J cll loric/!! (4c+CI-). To u solution 01' I ml1101 of the vnnadiulll(lII) starting muterial in 50 1111 of THF. I mmol of ligand salt Ie in 50 Illi THF was added dropwise. After stirring for 6 h ut the temperature given in Tuble I, the reaction mixture was stirred at room temperature 1' 01' unothcr 10 h. The sol vent was removed hI I·IICI/O. the residue stirred in 5 ml of methylene chloride; then 100 ml of pentane were added. The suspension wus t1Itered and the solution reduced to a smull volume . Addition of 0.23 1111 (2 mmol) of I-butylisonitrile resulted in n slow color chunge from blue III brown. After 16 h. the suI vent was removed ill I'(lCI((} and the remaining solid examined by IH NMR spectroscopy. Puritication of the brown solid was uchieved hy recrystullization from CH 2 Cl r ether (yi elds und diustereuisomer rntios, see Table I (2) . ~ Volume, A-I 400 (5) 2586 (2) 3636 (2) De' g cm- 
m). I 5R2 (s). I 561 (s), 1521 (s). 1 512 (s). 1463 (s). I 426 (w). 1344 (w). I 279 (w). I 147 (w), I 031 (w). 935 (W). 846 (w). 831 (m). 744 (m). 736 (m)
.
